The multimodal models used in the emerging field at the intersection of computational linguistics and computer vision implement the bottom-up processing of the "Hub and Spoke" architecture proposed in cognitive science to represent how the brain processes and combines multi-sensory inputs. In particular, the Hub is implemented as a neural network encoder. We investigate the effect on this encoder of various vision-and-language tasks proposed in the literature: visual question answering, visual reference resolution, and visually grounded dialogue. To measure the quality of the representations learned by the encoder, we use two kinds of analyses. First, we evaluate the encoder pre-trained on the different vision-and-language tasks on an existing diagnostic task designed to assess multimodal semantic understanding. Second, we carry out a battery of analyses aimed at studying how the encoder merges and exploits the two modalities.
Introduction
In recent years, a lot of progress has been made within the emerging field at the intersection of computational linguistics and computer vision thanks to the use of deep neural networks. The most common strategy to move the field forward has been to propose different multimodal tasks-such as visual question answering (Antol et al., 2015) , visual question generation (Mostafazadeh et al., 2016) , visual reference resolution (Kazemzadeh et al., 2014) , and visual dialogue (Das et al., 2017 )-and to develop task-specific models.
The benchmarks developed so far have put forward complex and distinct neural architectures, but in general they all share a common backbone consisting of an encoder which learns to merge the two types of representation to perform a certain task. This resembles the bottom-up processing in the 'Hub and Spoke' model proposed in Cognitive Science to represent how the brain processes and combines multi-sensory inputs (Patterson and Ralph, 2015) . In this model, a 'hub' module merges the input processed by the sensor-specific 'spokes' into a joint representation. We focus our attention on the encoder implementing the 'hub' in artificial multimodal systems, with the goal of assessing its ability to compute multimodal representations that are useful beyond specific tasks.
While current visually grounded models perform remarkably well on the task they have been trained for, it is unclear whether they are able to learn representations that truly merge the two modalities and whether the skill they have acquired is stable enough to be transferred to other tasks. In this paper, we investigate these questions in detail. To do so, we evaluate an encoder trained on different multimodal tasks on an existing diagnostic task-FOIL (Shekhar et al., 2017 )-designed to assess multimodal semantic understanding and carry out an in-depth analysis to study how the encoder merges and exploits the two modalities. We also exploit two techniques to investigate the structure of the learned semantic spaces: Representation Similarity Analysis (RSA) (Kriegeskorte et al., 2008) and Nearest Neighbour overlap (NN) . We use RSA to compare the outcome of the various encoders given the same vision-and-language input and NN to compare the multimodal space produced by an encoder with the ones built with the input visual and language embeddings, respectively, which allows us to measure the relative weight an encoder gives to the two modalities.
In particular, we consider three visually grounded tasks: visual question answering (VQA) (Antol et al., 2015) , where the encoder is trained to answer a question about an image; visual resolution of referring expressions (ReferIt) (Kazemzadeh et al., 2014) , where the model has to pick up the referent object of a description in an image; and GuessWhat (de Vries et al., 2017) , where the model has to identify the object in an image that is the target of a goal-oriented question-answer dialogue. We make sure the datasets used in the pre-training phase are as similar as possible in terms of size and image complexity, and use the same model architecture for the three pre-training tasks. This guarantees fair comparisons and the reliability of the results we obtain. 1 We show that the multimodal encoding skills learned by pre-training the model on GuessWhat and ReferIt are more stable and transferable than the ones learned through VQA. This is reflected in the lower number of epochs and the smaller training data size they need to reach their best performance on the FOIL task. We also observe that the semantic spaces learned by the encoders trained on the ReferIt and GuessWhat tasks are closer to each other than to the semantic space learned by the VQA encoder. Despite these asymmetries among tasks, we find that all encoders give more weight to the visual input than the linguistic one.
Related Work
Our work is part of a recent research trend that aims at analyzing, interpreting, and evaluating neural models by means of auxiliary tasks besides the task they have been trained for (Adi et al., 2017; Linzen et al., 2016; Alishahi et al., 2017; Zhang and Bowman, 2018; Conneau et al., 2018) . Within language and vision research, the growing interest in having a better understanding of what neural models really learn has led to the creation of several diagnostic datasets (Johnson et al., 2017; Shekhar et al., 2017; Suhr et al., 2017) .
Another research direction which is relevant to our work is transfer learning, a machine learning area that studies how the skills learned by a model trained on a particular task can be transferred to learn a new task better, faster, or with less data. Transfer learning has proved successful in computer vision (e.g. Razavian et al. (2014) ) as well as in computational linguistics (e.g., Conneau et al. (2017) ). However, little has been done in this respect for visually grounded natural language processing models.
In this work, we combine these different research lines and explore transfer learning techniques in the domain of language and vision tasks. In particular, we use the FOIL diagnostic dataset (Shekhar et al., 2017) and investigate to what extent skills learned through different multimodal tasks transfer.
While transfering the knowledge learned by a pre-trained model can be useful in principle, Conneau et al. (2018) found that randomly initialized models provide strong baselines that can even outperfom pre-trained classifiers (see also Wieting and Kiela (2019) ). However, it has also been shown that these untrained, randomly initialized models can be more sensitive to the size of the training set than pretrained models are (Zhang and Bowman, 2018) . We will investigate these issues in our experiments.
Visually Grounded Tasks and Diagnostic Task
We study three visually grounded tasks: visual question answering (VQA), visual resolution of referring expressions (ReferIt), and goal-oriented dialogue for visual target identification (GuessWhat). While ReferIt was originally formulated as an object detection task (Kazemzadeh et al., 2014) , VQA (Antol et al., 2015) and GuessWhat (de Vries et al., 2017) were defined as classification tasks. Here we operationalize the three tasks as retrieval tasks, which makes comparability easier.
• VQA: Given an image and a natural language question about it, the model is trained to retrieve the correct natural language answer out of a list of possible answers. • ReferIt: Given an image and a natural language description of an entity in the image, the model is asked to retrieve the bounding box of the corresponding entity out of a list of candidate bounding boxes.
• GuessWhat: Given an image and a natural language question-answer dialogue about a target entity in the image, the model is asked to retrieve the bounding box of the target among a list of candidate bounding boxes. The GuessWhat game also involves asking questions before guessing.
Here we focus on the guessing task that takes place after the question generation step.
Figure 1 (left) exemplifies the similarities and differences among the three tasks. All three tasks require merging and encoding visual and linguistic input. In VQA, the system is trained to make a languagerelated prediction, while in ReferIt it is trained to make visual predictions. GuessWhat includes elements of both VQA and ReferIt, as well as specific properties: The system is trained to make a visual prediction (as in ReferIt) and it is exposed to questions (as in VQA); but in this case the linguistic input is a coherent sequence of visually grounded questions and answers that follow a goal-oriented strategy and that have been produced in an interactive setting. To evaluate the multimodal representations learned by the encoders of the models trained on each of the three tasks above, we leverage the FOIL task (concretely, task 1 introduced by Shekhar et al. (2017) ), a binary classification task designed to detect semantic incongruence in visually grounded language.
• FOIL (diagnostic task): Given an image and a natural language caption describing it, the model is asked to decide whether the caption faithfully describes the image or not, i.e., whether it contains a foiled word that is incompatible with the image (foil caption) or not (original caption). Figure 1 (right) shows an example in which the foiled word is "dog". Solving this task requires some degree of compositional alignment between modalities, which is key for fine-grained visually grounded semantics.
Model Architecture and Training
In cognitive science, the hub module of Patterson and Ralph (2015) receives representations processed by sensory-specific spokes and computes a multimodal representation out of them. All our models have a common core that resembles this architecture, while incorporating some task-specific components. This allows us to investigate the impact of specific tasks on the multimodal representations computed by the representational hub, which is implemented as an encoder. Figure 2 shows a diagram of the shared model components, which we explain in detail below.
Shared components
To facilitate the comparison of the representations learned via the different tasks we consider, we use pre-trained visual and linguistic features to process the input given to the encoders. This provides a (ResNet152) and linguistic (USE) embeddings and merges them into a multimodal representation (h). This is passed on to a task-specific component: an MLP in the case of the pre-training retrieval tasks and a fully connected layer in the case of the FOIL classification task.
common initial base across models and diminishes the effects of using different datasets for each specific task (the datasets are described in Section 5).
Visual and language embeddings To represent visual data, we use ResNet152 features , which yield state of the art performance in image classification tasks and can be computed efficiently. To represent linguistic data, we use Universal Sentence Encoder (USE) vectors (Cer et al., 2018) since they yield near state-of-the-art results on several NLP tasks and are suitable both for short texts (such as the descriptions in ReferIt) and longer ones (such as the dialogues in GuessWhat). 2 In order to gain some insight into the semantic spaces that emerge from these visual and linguistic representations, we consider a sample of 5K datapoints sharing the images across the three tasks and use average cosine similarity as a measure of space density. We find that the semantic space of the input images is denser (0.57 average cosine similarity) than the semantic space of the linguistic input across all tasks (average cosine similarity of 0.26 among VQA questions, 0.35 among ReferIt descriptions, and 0.49 among GuessWhat dialogues). However, when we consider the retrieval candidates rather than the input data, we find a different pattern: The linguistic semantic space of the candidate answers in VQA is much denser than the visual space of the candidate bounding boxes in ReferIt and GuessWhat (0.93 vs. 0.64 average cosine similarity, respectively). This suggests that the VQA task is harder, since the candidate answers are all highly similar.
Encoder As shown in Figure 2 , ResNet152 visual features (V ∈ R 2048×1 ) and USE linguistic features (L ∈ R 512×1 ) are input in the model and passed through fully connected layers that project them onto spaces of the same dimensionality. The projected representations (V p and L p ) are concatenated, passed through a linear layer, and then through a tanh activation function, which produces the final encoder representation h:
where
, and [·; ·] represents concatenation.
Task-specific components
The architecture described above is shared by all the models we experiment with, which thus differ only with respect to their task-specific component.
Pre-training task component For the three tasks we consider, the final encoder representation h is given to a Multi-Layer Perceptron (MLP), which generates either a language embedding (VQA model) or a visual embedding (ReferIt and GuessWhat models). The three task-specific models are trained with a cosine similarity loss, which aims to get the generated embedding closer to the ground truth embedding and farther away from any other embeddings in the list of candidates. Details of how, for each datapoint, the list of candidates is selected are provided in Section 5. The embeddings of such candidates are obtained with USE (for VQA) and ResNet (for ReferIt and GuessWhat). As mentioned above, the high density of the VQA candidate answers' space makes the task rather hard.
FOIL task component To evaluate the encoder representations learned by the pre-trained models, the task-specific MLPs are replaced by a fully connected layer, which is trained on the FOIL task using a cross-entropy loss. We train the FOIL task component using the following settings:
• Random 2 The encoder weights are randomly initialized and the FOIL classifier layer is untrained. This provides a lower-bound baseline with random performance.
• Random The encoder weights are randomly initialized and then frozen while the FOIL classifier layer is trained on the FOIL task. This provides a strong baseline that is directly comparable to the task-specific setting explained next.
• Pre-trained (VQA, ReferIt, GuessWhat) The encoder weights are initialized with the Random setting's seeds and the model is trained on each of the tasks. The weights of the task-specific encoders are then frozen and the FOIL classifier layer is trained on the FOIL task. With this setting, we are able to diagnose the transfer and encoding properties of the pre-trained tasks.
• Fully trained on FOIL The encoder weights are initialized with the Radom setting's seeds. Then the full model is trained on the FOIL task, updating the weights of the projected vision and language layers, the encoder, and the FOIL layer. This provides the upper bound on the FOIL classification performance, as the entire model is optimized for this task from the start.
Experimental Setup
We provide details on the data sets and the implementation settings we use in our experiments.
Pre-training datasets For the three visually grounded tasks, we use the VQA.v1 dataset by Antol et al. (2015) , the RefCOCO dataset by Yu et al. (2016) , and the GuessWhat?! dataset by de Vries et al. (2017) as our starting point. All these datasets have been developed with images from MS-COCO (Lin et al., 2014) . We construct common image datasets for by taking the intersection of the images in the three original datasets. This results in a total of 14,458 images. An image can be part of several data points, i.e, it can be paired with more than one linguistic input. Indeed, the 14,458 common images correspond to 43,374 questions for the VQA task, 104,227 descriptions for the ReferIt task, and 35,467 dialogues for the GuessWhat task.
To obtain datasets of equal size per task that are as similar as possible, we filter the resulting data points according to the following procedure:
1. For each image, we check how many linguistic items are present in the three datasets and fix the minimum number (k) to be our target number of linguistic items paired with that image.
2. We select n data points where the descriptions in ReferIt and dialogues in GuessWhat concern the same target object (with n ≤ k).
3. Among the n data points selected in the previous step, we select the m data points in VQA where the question or the answer mention the same target object (computed by string matching).
4. We make sure all the images in each task-specific dataset are paired with exactly k linguistic items; if not, we select additional ones randomly until this holds. This results in a total of 30,316 data points per dataset: 14,458 images shared across datasets, paired with 30,313 linguistic items. We randomly divided this common image dataset into training and validation sets at the image level. The training set consists of 13,058 images (paired with 27,374 linguistic items) and the validation set of 1,400 images (paired with 2,942 linguistic items). Table 1 provides an overview of the datasets. As mentioned in Section 3, we operationalize the three tasks as retrieval tasks where the goal is to retrieve the correct item out of a set of candidates. In the VQA.v1 dataset (multiple choice version), there are 18 candidate answers per question. In GuessWhat?! there are on average 18.71 candidate objects per dialogue, all of them appearing in the image. We take the same list of candidate objects per image for the ReferIt task.
FOIL dataset
The FOIL dataset consists of image-caption pairs from MS-COCO and pairs where the caption has been modified by replacing a noun in the original caption with a foiled noun, such that the foiled caption is incongruent with the image-see Figure 1 for an example and Shekhar et al. (2017) for further details on the construction of the dataset. 3 The dataset contains 521,808 captions (358,182 in training, 37,394 in validation and 126,232 in test set) and 96,830 images (63,240, 13,485 and 20,105, in training, validation and test set, respectively) -see Table 1 . All the images in the test set do not occur either in the FOIL training and validation set, nor in the common image dataset described above and used to pre-train the models.
Implementation details All models are trained using supervised learning with ground truth data. We use the same parameters for all models: batch size of 256 and Adam optimizer (Kingma and Ba, 2014) with learning rate 0.0001. All the parameters are tuned on the validation set. Early stopping is used while training, i.e., training is stopped when there is no improvement on the validation loss for 10 consecutive epochs or a maximum of 100 epochs, and the best model is taken based on the validation loss.
Results and Analysis
We carry out two main blocks of analyses: one exploiting FOIL as diagnostic task and the other one investigating the structure of the semantic spaces produced by the pre-trained encoders when receiving the same multimodal inputs.
Before diving into the results of these analyses, we evaluate the three task-specific models on the tasks they have been trained for. Since these are retrieval tasks, we compute precision at rank 1 (P@1) on the validation sets and compare the results to chance performance. Given the number of candidate answers and objects per task in our datasets, chance P@1 is 0.055 for VQA and 0.05 for ReferIt and GuessWhat. Our task-specific models obtain P@1 values of 0.14 for VQA (mean rank 2.84), 0.12 for ReferIt (mean rank 3.32), and 0.08 for GuessWhat (mean rank 4.14). Not surprisingly given the challenging nature of these tasks, the results are not high. Nevertheless, the representations learned by the models allow them to perform above chance level and thus provide a reasonable basis for further investigation.
Analysis via diagnostic task
In this first analysis, we assess the quality of the multimodal representations learned by the three multimodal tasks considered in terms of their potential to perform the FOIL task, i.e., to spot semantic (in)congruence between an image and a caption. Besides comparing the models with respect to task accuracy, we also investigate how they learn to adapt to the FOIL task over training epochs, how much data they need to reach their best performance, and how confident they are about the decisions they make. Table 2 shows accuracy results on the FOIL task for the different training settings described in Section 4.2. We report accuracy for the task overall, as well as accuracy on detecting original and foiled captions. As expected, the Random 2 setting yields chance performance (≈50% overall, with a surprisingly strong preference for classifying captions as foiled). The model fully trained on FOIL achieves an accuracy of 67.59%. This confirms that the FOIL task is challenging, as shown by Shekhar et al. (2017) , even for models that are optimized to solve it. The Random setting, where a randomly initialized encoder is trained on the FOIL task, yields 53.79% accuracy overall -higher than the chance lower bound by Random 2 , but well below the upper bound set by the fully trained model.
FOIL accuracy
The key results of interest for our purposes in this paper are those achieved by the models where the encoder has been pre-trained on each of the three multimodal tasks we study. We observe that, like the Random encoder, the pre-trained encoders achieve results well below the upper bound. The VQA encoder yields results comparable to Random, while ReferIt and GuessWhat achieve slightly higher results: 54.02% and 54.18%, respectively. This trend is much more noticeable when we zoom into the accuracy results on original vs. foiled captions. All models (except Random 2 ) achieve lower accuracy on the foil class than on the original class. However, the GuessWhat encoder performs substantially better than the rest: Its foil accuracy is not only well above the Random encoder, but also around 2% points over the fully trained model (49.34% vs. 47.52%). The ReferIt encoder also performs reasonably well (on a par with the fully trained model), while the VQA encoder is closer to Random.
This suggests that the ReferIt and the GuessWhat encoders do learn a small degree of multimodal understanding skills that can transfer to new tasks. The VQA encoder, in contrast, seems to lack this ability by and large. Table 2 : Accuracy on the FOIL task for the best model of each training setting.
Learning over time In order to better understand the effect of the representations learned by the pretrained encoders, we trace the evolution of the FOIL classification accuracy over time, i.e., over the first 50 training epochs. As shown in Figure 3a , all the pre-trained models start with higher accuracy than the Random model. This shows that the encoder is able to transfer knowledge from the pre-trained tasks to some extent. The Random model takes around 10 epochs to catch up and after that it does not manage to improve much. The evolution of the accuracy achieved by the ReferIt and GuessWhat encoders is relatively smooth, i.e., it increases progressively with further training epochs. The one by the VQA model, in contrast, is far less stable. Size of FOIL training data Next, we evaluate how the accuracy achieved by the models changes when varying the size of the FOIL training set. By controlling the amount of training data, we can better tease apart whether the performance of the pre-trained models is due to the quality of the encoder representations or simply to the amount of training the models undergo on the FOIL task itself. Figure 3b gives an overview. The GuessWhat encoder has a clear advantage when very little training data is available, while the other encoders start at chance level. Both GuessWhat and ReferIt increase their accuracy relatively smoothly as more data is provided, while for the VQA model there is a big jump in accuracy once enough FOIL data is available. Again, this suggests that the representations learned by the GuessWhat encoder are of somewhat higher quality, with more transferable potential.
Confidence Finally, we analyse the confidence of the models by measuring their Area Under the Curve (AUC). We gradually increase the classification threshold from 0.5 to 0.7 by an interval of 0.01. This measures the confidence of the classifier in making a prediction. As shown in Figure 3c , all models have rather low confidence (when the threshold is 0.7 they are all at chance level). The Random model exhibits the lowest confidence, while the ReferIt model is slightly more confident in its decisions than the rest, followed by the GuessWhat model.
Analysis of the multimodal semantic spaces learned by the encoders
In this section, we analyse the encoders by comparing the similarity of the multimodal spaces they learn and by comparing the learned multimodal spaces to the visual and linguistic representations they receive as input in terms on nearest neighbours.
Representation similarity analysis Representation Similarity Analysis (RSA) is a technique from neuroscience (Kriegeskorte et al., 2008) that has been recently leveraged in computational linguistics, for example to compare the semantic spaces learned by artificial communicating agents (Bouchacourt and Baroni, 2018) . It compares different semantic spaces by comparing their internal similarity relations, given a common set N of input data points. Each input k ∈ N is processed by an encoder for a given task T i, producing vector h k T i . Let H N T i be the set of vector representations created by the encoder of T i for all the items in N ; and let H N T j be the corresponding set of representations by the encoder of task T j. These two semantic spaces, H N T i and H N T j , are not directly comparable as they have been produced independently. RSA remedies this by instead comparing their structure in terms of internal similarity relations. By computing cosine similarity between all pairs of vectors within each semantic space, we obtain a vector of cosine similarities per space, which captures its internal structure. These similarity vectors have identical dimensionality, namely N (N − 1)/2) values, and hence can be directly compared by computing Spearman correlation between them. The resulting RSA scores (corresponding Figure 4 : RSA scores indicating degree of structural similarity between the multimodal semantic spaces produced by the various encoders when receiving 5,000 data points from the FOIL test set consisting of unique images paired with their original captions.
to the aforementioned Spearman correlation coefficients) tell us the extent to which the two sets of representations are structurally similar.
The outputs of the encoders are compared when the same set of inputs is given. We give as input 5,000 data points from the FOIL test set, randomly sampled from only the ones with original captions and containing unique images, and compare the representations produced by the encoders under investigation. Figure 4 shows that the semantic space produced by the encoder fully trained on FOIL is rather different from all the other models, and that the VQA semantic space is very similar to the one produced by the randomly initialized encoder.
Nearest neighbour overlap We analyse the encoder representations using nearest neighbour overlap. Collell and Moens (2018) proposed this measure to compare the structure of functions that map concepts from an input to a target space. It is defined as the number of k nearest neighbours that two paired vectors share in their respective semantic space. For instance, if k = 3 and the 3 nearest neighbours of the vector for 'cat' v cat in space V are {v dog , v tiger , v lion }, and those of the vector of 'cat' z cat in space Z are {v mouse , v tiger , v lion }, the nearest neighbour overlap (NN) is 2. The value is then normalized with respect to the number of data points and the number of k nearest neighbours. We take the encoder to be a mapping function from each of the modality-specific representations to the multimodal space, and we use the NN measure to investigate whether the structure of the multimodal space produced by the encoder is closer to the visual ResNet152 embeddings or to the linguistic USE embeddings given as input. We use simple visual and language inputs, namely, objects and the word corresponding to their object category. We consider the 80 object categories of MS-COCO (e.g., dog, car, etc.) and obtain their USE representations. We build their visual ResNet152 embedding by selecting 100 images for each category from MS-COCO, and then compute their average. We compute the NN by setting k = 1 and k = 10. The results, given in Table 3 , show that the multimodal spaces learned by all the models (except the model with the encoder fully trained on the FOIL task) are much closer to the visual input space than to the linguistic one. This behaviour could be related to the different density of the visual and linguistic semantic spaces of the input data we pointed out in Section 4.1, where we observed that input images have higher average cosine similarity than input questions, descriptions, and dialogues, respectively.
Conclusion
Our goal in this paper has been to evaluate the quality of the multimodal representations learned by an encoder-the core module of all the multimodal models used currently within the language and vision community-which resembles the cognitive representational hub described by Patterson and Ralph (2015) . Furthermore, we investigated the transfer potential of the encoded skills, taking into account the amount of time (learning epochs) and training data the models need to adapt to a new task and with how much confidence they make their decisions. We studied three multimodal tasks, where the encoder is trained to answer a question about an image (VQA), pick up the object in an image referred to by a description (ReferIt), and identify the object in an image that is the target of a goal-oriented questionanswer dialogue (GuessWhat). To carry out this analysis, we have evaluated how the pre-trained models perform on a diagnostic task, FOIL (Shekhar et al., 2017) , designed to check the model's ability to detect semantic incongruence in visually grounded language.
Overall, we found that none of the three tasks under investigation leads to learning fine-grained multimodal understanding skills that can solve the FOIL task, although there are differences among tasks. Our analysis shows that the VQA task is easier to learn (the model achieves a rather high mean rank precision). However the multimodal encoding skills it learns are less stable and transferable than the ones learned through the ReferIt and GuessWhat tasks. This can be seen by the large amount of data the model has to be exposed to in order to learn the FOIL classification task and by the unstable results over training epochs. None of the models transfers their encoding skills with high confidence, but again the VQA model does it to a lower extent.
The RSA analysis confirms the higher similarity of the multimodal spaces generated by the ReferIt and GuessWhat encoders and the high similarity between the VQA space and the space produced by the randomly initialized encoder. From the NN analysis, it appears that for all models (except for the one fully trained on the FOIL task) the visual modality has higher weight than the linguistic one in the construction of the multimodal representations.
These differences among tasks could be due to subtle parallelisms with the diagnostic task: ReferIt and GuessWhat may resemble some aspects of FOIL, since these three tasks revolve around objects (the foiled word is always a noun), while arguably the VQA task is more diverse as it contains questions about, e.g., actions, attributes, or scene configurations. In future work, it would be interesting to evaluate the models on different diagnostic datasets that prioritise skills other than object identification.
